Molecular structure and fundamental vibrational frequencies of benzimidazole (BZI) are reported using ab initio-Hartree-Fock (HF) and density functional theory (DFT) methods at different levels of calculation. Observed polarized IR and Raman fundamentals of polycrystalline, single crystal, KBr-BZI disks, and gaslike samples are analyzed and assigned by comparison to the computed values. The assignment of fundamentals shows a one-to-one correspondence between the observed and calculated fundamentals using the BLYP/6-31G* level of calculation without applying any scaling factor except for XH stretching (X represents C or N), where a 0.995 scaling factor has been used. Hydrogen bonding and its effects on some normal vibrational modes are discussed. The results show that the nonscaled BLYP/6-31G* level of calculation may be used as a reference for assessing the intermolecular hydrogen bonding effect.
Introduction
Benzimidazole (BZI) and a series of substituted BZI analogues are fundamental compounds of many important chemicals: pharmaceutical fine chemicals, [1] [2] [3] [4] [5] [6] [7] polymers, [8] [9] [10] [11] and corrosion inhibitors. [12] [13] [14] [15] These different applications have attracted many experimentalists and theorists to investigate the spectroscopic properties of benzimidazole [15] [16] [17] [18] [19] [20] and some of its derivatives. [21] [22] [23] Several vibrational studies of BZI were performed on its KBr disk, 18 solid and solution, 24 KBr mull, 19 melt and single crystal, 17 and its gaslike phase in the Ar matrix 25 to settle its modes' assignments. However, there is still some ambiguity in the assignment of certain fundamental modes due to their low intensities or extensive band overlapping. The earlier polarized IR and Raman results 17 resolved some of these ambiguities, but a reliable theoretical study in conjunction with these results is required to shed more light on the analysis and assignment of the fundamentals. The successful use of ab initio Hartree-Fock (HF) computational method in our analysis of the vibrational modes of 5-methoxyindole, 26 conformer stabilities' determination of thymine, 27 and a liquid crystalline system 28 motivated us to advance our earlier analysis of the polarized IR and Raman results 17 of benzmidazole.
In this study, we compare the predictive abilities of different theoretical methods using various basis sets in reproducing the experimental molecular geometry and vibrational results. The calculations of molecular structure and normal vibrational mode analyses of BZI were performed at Hartree-Fock (HF) and two density functional theory (DFT) methods, namely, Becke-LeeYang-Parr (BLYP) and Becke 3-Lee-Yang-Parr (B3LYP), using the 3-21G and 6-31G* basis sets. The results confirm that DFT with a specific basis set is sufficiently powerful to predict fundamentals even without using any scaling factor except for XH stretching modes, where a 0.995 scaling factor was used. Moreover, the thorough analysis of the reported 17, 25 polarized Raman spectra from a single crystal of BZI and its well-resolved FT-IR spectra of the gaslike state and of KBr disks rationalized the effect of the intermolecular hydrogen bonding on some fundamental modes.
Experimental Section
Benzimidazole (BZI) was obtained from Fluka and was used after repeated crystallization from an ethanol-water mixture to remove particulate and colored impurities. IR spectra of a series of BZI-KBr disks were recorded at room temperature on a Perkin-Elmer 16PC FT-IR spectrometer at 2 cm -1 resolution. Vibrational spectra in Figures 1 and 2 show that the extensive band overlapping in the IR and broadening problems could be overcome by the proper procedure of dilution, grinding, and preparation of BZI-KBr disks. This procedure has produced clear IR spectra (e.g., spectra C and D of Figures 1 and 2 ), which exhibited a one-to-one correspondence of fundamentals with the Raman spectrum (spectrum F in both Figures) of the polycrystalline BZI. 17 These reported IR spectra have also comparable band features to IR spectra of BZI in the gaslike state (spectrum E in both Figures). 25 Polarized IR and Raman spectra of polycrystalline BZI and polarized Raman spectra of a large single crystal of BZI were reported in our earlier study. 17 The high-resolution polarized Raman spectra from a single crystal of BZI has been used to identify some of the poorly resolved or weakly represented fundamentals from the Raman spectrum of polycrystalline BZI in the 100-1700 cm -1 range ( Figure 1S ).
Method of Calculations
Calculations on BZI were performed at the LCAO-MO-SCF restricted Hartree-Fock (HF) and density functional theory (DFT) levels using Becke-Lee-Yang-Parr (BYLP) and Becke's nonlocal three-parameter exchange and correlated funcational with Lee-Yang-Parr correlation (B3YLP) func-tional methods. The runs were executed on a relatively fast personal computer. The optimized molecular geometry of BZI was obtained without any structural constraint on the planarity using the most common basis sets, namely 3-21G* and 6-31G*, with the GAUSSIAN 98W program. 29 A planar geometry was found to be the most stable one. In addition to the reported 30 X-ray molecular parameters of BZI, all the estimated bond lengths and angles of the optimized BZI molecule are listed in Table 1 .
As expected, the computed fundamental frequencies using HF/3-21G* and HF/6-31G* were overestimated by about 10-12%. 31 It, therefore, has been advisable to scale their computed values by a single uniform factor of 0.91 [32] [33] [34] [35] or 0.8929. 36 However, other results on planar molecules indicated 26,37 that two scaling factors of 0.9017 for in-plane modes and 0.8383 for out-of-plane modes could be used to bring closer the calculated and observed frequencies. On the other hand, computational results on fundamentals using DFT methods showed that these methods reproduce experimental vibrational frequencies with higher accuracy than do the HF and MP2 methods. [37] [38] [39] [40] [41] [42] [43] [44] For example, results on predicting the fundamentals of 20 small molecules (e.g., benzene, ether, etc., whose vibrational spectra are exactly assigned) by Rauhut and Pulay 42 using BLYP and B3LYP functional methods derived uniform scaling factors of 0.995 and 0.963, respectively.
In our analysis, the HF-computed BZI vibrational modes have been scaled with the proposed 26,37 scaling factors of the planar system. For DFT-computed fundamentals, the proposed 42 scaling factor of 0.963 was very suitable for scaling at the B3LYP level of calculations, whereas no scaling factor was required for BLYP-computed fundamentals except for the X-H stretching modes where the 0.995 scaling factor was implemented.
HyperChem 45 under MS-Windows has been used to display all the vibrational modes associated with each calculated spectral line. The computed IR spectrum has been produced from Gaussian output files by FreqChk utilities 46 in the GAUSSIAN 98W package. The HyperChem vibrational spectrum with active IR vector rendering has been used to graphically display the normal modes associated with individual vibrations. For the sake of an informative graphical display, representative IR vectors, which have strengths of 20% or higher, have been displayed for all the BZI-fundamentals.
Results and Discussion
Geometric Structure. Molecular geometry and numbering of atoms of benzimidazole (BZI) are depicted in Figure 3 , which also shows some of the estimated structure parameters and experimental bond lengths and bond angles. Although it is wellknown that the HF method underestimates bond lengths, 36 the HF/6-31G* method of calculation has the least bond length discrepancy (less than 0.01 Å) relative to the X-ray values ( Figure 4A ). On the other hand, the BLYP/3-21G* method of calculation gives the largest discrepancy with X-ray values. Closer examination of the bond lengths in Figure 4A estimated using HF/6-31G* relative to the X-ray values shows that large deviations are observed in the bond lengths of C5-C6, N1-C7, and C7-N2. Bonds C5-C6 and C7-N2 are stretched whereas N1-C7 is shortened. These deviations may be attributed to the solid state intermolecular interactions, particularly the reported strong hydrogen bonding, 30 which is 2.0 Å long from H5 to N2.
Regarding the C-H and N-H bond lengths, it is wellknown 36 that due to low scattering factors of hydrogen atoms in X-ray diffraction, the experimental bond lengths of X-H bonds are much shorter than the estimated bond lengths. 27, 36 As expected, Figure 4B shows that most of the observed C-H bond lengths of BZI are shorter than the estimated values. Exceptions for this trend are observed in C4-H3 and N1-H5 bond lengths that are remarkably stretched out to approach the estimated values. The prolonged N1-H5 bond length of the imidazole (Im) ring can be linked to the intermolecular hydrogen bonds. [47] [48] [49] However, the stretch of the C4-H3 bond length of the benzene (Bz) ring may be attributed to crystal packing effects.
The estimated bond angles ( Figure 5 ) agree very well with the observed X-ray values. Discrepancies are about 0.9°for bond angles except for some of the Bz-CCH angles. The largest discrepancy of about 8°is observed in the C3C4H3 bond angle. This deviation may be attributed to a crystal packing effect, namely, molecular structure strain between benzene parts of different BZI molecules (see molecules III and VI in the unit cell presentation in Figure 6 ), 17 which is further evidence of the elongation in the C4-H3 bond length.
Fundamental Modes. Benzimidazole has a C s symmetry and 39 fundamental modes; all of them are IR and Raman active. These modes include 12-depolarized out-of-plane modes with A′′ symmetry and 27-polarized in-plane modes with A′ symmetry. Tables 1S, 2S , and 3S (Supporting Information) present a comprehensive summary of all fundamentals. These tables show the reported fundamentals of BZI and their assignments from IR spectra of KBr disks, 19 partially oriented solid, 17 a gaslike phase trapped in an argon matrix, 25 and observed IR values from the highly resolved absorption spectra C and D of Figures 1 and 2 . Estimated values of all the fundamentals, their scaled values, intensities, and the corresponding IR vector graphical representation for the optimized geometries of single BZI molecule at each ab initio level used in this study are also included in Tables 1S, 2S , and 3S. The observed fundamental frequencies and their best estimated values and mode assignments have been extracted from these tables and are presented in Table 2 . The polarization of the incident and scattered light has enormous effects on the intensities of vibrational modes ( Figure  1S ). The BZI fundamentals from these polarized spectra and Raman spectrum of BZI powder are also included in Tables 1S  and 2S . A close examination of these reported polarized Raman spectra indicates that many vibrations become weaker or even disappear as a result of the change in polarization, except for bb-and cc-polarized Raman spectra. These two spectra show the clearest identified BZI fundamentals compared to the powder sample. This is in agreement with the reported results on the oriented gas model, 17 which predicts the vibrations with A′ symmetry will be most intense parallel to the b-axis whereas A′′ types vibrations will be most intense parallel to the c-axis.
Out-of-Plane Modes. Systematic comparison of the observed out-of-plane fundamentals of solid samples with the corresponding fundamentals of the gaslike sample (Table 2 and Figure 1) shows different correlations. For the 626 and 887 cm -1 modes, the frequency deviations, which are quite large, are about 180 and 30 cm -1 , respectively. On the other hand, the correlation is quite good for the 424, 578, 635, 746, 752, 902, and 933 cm -1 , modes with an average deviation of about 6 cm -1 . This small deviation may indicate that these well-predicted modes exhibit no or minimal hydrogen bonding and/or crystal packing effects. Therefore, they can be considered as appropriate fundamentals among the out-of-planes modes to compare with the computed values.
A check of the computed values listed in Table 1S relative to the above-mentioned modes shows that the closest estimating of these fundamentals are obtained by the BLYP/6-31G* level of calculation without applying the scaling factor. This agree- relative to the gaslike sample. The other levels of calculation, even the HF/6-31G* one, which give the best estimates of bond lengths ( Figure 4A ), have a much higher mfd. Some of these levels of calculation improved upon applying the recommended 26,37,42 scaling factors to them. For example, the scaled HF/6-31G* gives a mfd value of about 32 cm -1 , whereas the nonscaled one gives a mfd value of about 40 cm -1 . On the other hand, the observed low mfd between the observed out-of-plane modes of BZI and their computed values using BLYP/6-31G* causes us to limit the comparison of the remaining out-of-plane modes to the estimated results from this level of calculation (Table 2) .
For the 626 cm -1 mode of vibration, the largest frequency deviation (fd) occurs relative to the gaslike sample (fd ) 177 cm -1 ) as well as to the estimated one using the BLYP/6-31G* level of calculation (fd ) 220 cm -1 ). This large fd value is expected because this mode is attributed to NH out-of-plane bending 19 and this NH is a hydrogen bonding donor site in BZI molecule ( Figure 6 ). Moreover, comparison between its observed value in the gaslike sample and the corresponding calculated value shows a difference of about 40 cm -1 . This difference may be attributed to the presence of the intermolecular hydrogen bonding of BZI molecules in the argon matrix. The results also indicate that the hydrogen bond effect is much weaker in the argon matrix than in the solid samples.
The second largest fd value is observed for the 887 cm -1 band, which has a deviation of about 29 cm -1 relative to the gaslike sample and 57 cm -1 for the crystalline material relative to the estimated value. The IR vector representation for this mode in Table 1S and its summarized assignment in Table 2 show a large contribution of the Bz-CH wags. Therefore, this frequency deviation could be attributed to crystal packing and/ or the molecular aggregation. This deviation also correlates with the observed distortions in the CH bond lengths and CCH bond angles of the benzene part as discussed above.
Modes 242, 270, and 847 cm -1 observed in this region have no corresponding modes from the gaslike sample. However, all of them show remarkable frequency deviations for crystalline samples relative to their estimated values (24, 22, and 50 cm -1 , respectively). According to the reported 19 assignment, namely, imidazole-CH (Im-CH) bending of the 847 fundamental and its estimated mode assignment in Table 2 , the large fd value is expected because of the hydrogen bonding effect in the Im ring. The IR vector representation for the other modes (242 and 270 fundamentals) may relate the observed fd values to combined effects of hydrogen bonding and the crystal packing factors in BZI intermolecular system.
In-Plane Modes. Table 2S includes in-plane vibrational modes other than CH and NH stretching. These modes have been observed and located within the IR spectral range 100-1700 cm -1 . The summary of the assignment of these modes from Figures 1 and 1S and the calculated values in Table 2 shows that these fundamentals also have different correlations between the solid and the gaslike samples. This different correlation is much clearer between the observed and estimated values using BLYP/6-31G* level of calculation.
Comparison between the observed in-plane modes summarized in Table 2 The observed largest fd values for the 958 and 1134 cm -1 modes are expected because they are related to the hydrogen bonding site in the BZI molecule. This is in good agreement with the assignment of these modes as Im-ring in-plane and NH in-plane vibrational bending, 19 respectively. Moreover, comparison of the observed frequencies of these modes in the gaslike state and the corresponding calculated values shows a difference of about 35 and 21 cm -1 , respectively. These deviations are further evidence of the presence of the intermolecular hydrogen bonding of BZI molecules in the argon matrix but with a much weaker effect than the solid samples.
Smaller fd values observed in the case of modes 1202, 1274, and 1410 cm -1 may indicate that they are related to the same effect. All of them have been assigned as benzene-CH (Bz-CH) in-plane bends. 19 Therefore; these deviations may be further evidence of the effect of crystal packing and/or the molecular aggregation. They also confirm the observed distortions in the CH bond lengths and CCH bond angles of the benzene part, as discussed above. The summary of the in-plane results in Table 2S validates the earlier observation on the different level of calculations. The nonscaled BLYP/6-31G* level of calculation shows the smallest mfd values relative to the other levels. The mfd values of the solid and gaslike cases relative to the calculated fundamentals (about 6 and 11 cm -1 , respectively) are the same for both outof-plane and in-plane modes.
XH Stretching Modes. The observed spectra of these vibrational modes in solid and gaslike states are presented in Figure 2 . Bands due to these modes have very different features from spectrum A down to spectrum D. For example, extensive band broadening and overlapping takes place in spectrum A that is gradually reduced by dilution until the most resolved one in spectrum D. This effect may be correlated with strong solute-solute interaction between BZI molecules. The weakness of this interaction is confirmed by the observation of band resolution in spectra C and D in Figures 1 and 2 . It is also observed that the dilution process intensifies a broad IR band at about 3423 cm -1 . This band may be correlated with the NH stretching vibration, and its broadening is related to the intermolecular hydrogen bonding effect. The summary in Table  2 shows the fd values of the 3423 cm -1 mode relative to the gaslike sample (about 91 cm -1 ) and to the calculated fundamentals (about 109 cm -1 ). These deviations confirm the relation between this mode and the intermolecular hydrogen bonding effect. The broadening properties of this mode may indicate that the hydrogen bonding is not the only intermolecular solutesolute interaction factor that is responsible for the observed extensive band broadness in spectrum A of Figure 2 . Thus, the extensive broadening in spectrum A may be related to a strong intermolecular aggregation within the solid state of the BZI system.
The listed summary in Table 2 under the XH stretching modes section indicates that the other solid-state fundamentals are related to CH stretching vibrational modes. Comparison between the values of these modes and their gaslike values indicates that the 2926 and 3038 cm -1 modes show very high fd values of about 162 and 107 cm -1 , respectively. Mode 3038 cm -1 is assigned as Im-CH stretching vibrations and 2926 cm -1 is a Bz-CH stretching vibration. The deviation of these modes can be related to the hydrogen bond effect that takes place at the Im ring site. For 2926 cm -1 mode, the observed deviation is most probably related to the crystal packing and/or the molecular aggregation because it is assigned as a Bz-CH's stretching vibration. This deviation is further evidence of distortions in the CH bond lengths and CCH bond angles of benzene part.
On the other hand, for the solid and gaslike phases the frequencies 3062, 3094, and 3115 cm -1 are in very good agreement if not identical. These modes have an mfd value relative to the BLYP/6-31G* calculated values equal to 28 cm -1 that is improved to about 5.7 cm -1 after applying the reported 42 scaling factor 0.995. The application of the scaling factor on the calculated XH stretching modes makes the BLYP/6-31G* level of calculation again the best level of calculation among these investigated.
Conclusion
The experimental results obtained in this and previous studies of the BZI system compared to its theoretical data allowed us to derive correlations between the observed frequency deviations of certain modes and hydrogen bonding interaction or other molecule-molecule interactions. The study shows different trends in the calculated bond length and bond angle discrepancies from the X-ray parameters. The CH bond lengths and CCH bond angles are found to be very sensitive to these correlations. Moreover, the predicted vibrations show that DFT methods reproduce experimental vibrational frequencies with higher accuracy than do the HF calculations, a result in good agreement with the previous studies. 42 The computed values also indicate that the nonscaled BLYP/6-31G* level of calculation gives the best estimates of fundamentals compared to both solid and/or gaslike samples, including the lowest mfd values except for the XH stretching modes, which need to be scaled with a scaling factor of 0.995. Finally, the study indicates that the nonscaled BLYP/6-31G* level of calculation may be used as reference values for identifying the intermolecular hydrogen bonding effect and any other molecule-molecule interactions.
